and Phytophthora foot and root rot are diseases that affect citrus production and profitability. The symptoms and physiological changes associated with these diseases are diagnosed through expensive and time-consuming field measurements. Unmanned aerial vehicles (UAVs) using red/green/blue (RGB, true color) imaging, may be an economic alternative to diagnose diseases. A methodology using a UAV with a RGB camera was developed to assess citrus health. The UAV was flown in April 2018 on a grapefruit field infected with HLB and foot rot. Ten trees were selected for each of the following disease classifications: (HLB-, foot rot-), (HLB+, foot rot-), (HLB-, foot rot+) (HLB+, foot rot+). Triangular greenness index (TGI) images were correlated with field measurements such as tree nutritional status, leaf area, SPAD (leaf greenness), foot rot disease severity and HLB. It was found that 61% of the TGI differences could be explained by Na, Fe, foot rot, Ca, and K. This study shows that diseased citrus trees can be monitored using UAVs equipped with RGB cameras, and that TGI can be used to explain subtle differences in tree health caused by multiple diseases.
Introduction
Citrus is grown around the world and is produced in more than 80 countries, creating a worldwide interest in its development [1] . In the United States, the citrus industry is economically important and contributed an estimated $3.44 billion in the year 2017 [2] . However, citrus production worldwide is threatened by many abiotic or biotic factors. The most significant abiotic factors posing a threat to citrus production are flooding, salinity, heat, drought, and nutrient deficits [3] . The biotic factors, which are more immediately devastating, consist of insects, diseases, and/or pathogens [3] . Diseases like huanglongbing (HLB or citrus greening disease) and Phytophthora foot rot and gummosis are among the most devastating to the citrus industry in the US [4, 5] . While Phytophthora foot rot does have treatment options available, the spore persistence in the environment and the expensive chemicals required to treat it make it difficult to control. HLB, caused by the bacterium Candidatus liberibacter asiaticus (CLas), has no known cure and has caused a severe decline in citrus production in Florida, the most affected state. As the disease has spread, other citrus producing states like Texas and California
Materials and Methods

Study Area
The study was conducted at Texas A&M University-Kingsville South Research Farm (26 • 8 12. 1122"N, −97 • 56 47.4"W; 24 m above sea level) in Weslaco, Hidalgo County, Texas. It is located in the Lower Rio Grande Valley of South Texas where subtropical and semi-arid climate prevail. Commercial citrus production of South Texas is almost entirely confined to Hidalgo, Cameron, Starr, and Willacy Counties with an approximate production area of 12,140 ha. Of the citrus groves in this region, approximately one-third of groves are estimated to be affected by HLB (Mamoudou Setamou, personal communication), and approximately 97% of groves are affected by Phytopthora foot rot [5] . Our study was conducted in a 1.34 ha block of Rio Red grapefruit trees (Citrus paradisi Macf.) on Bitters (C22, C. sunki Hort. Ex Tan x Poncirus trifoliata L. Raf. 'Swingle' cross) rootstocks planted in 2008 at a density of 410 trees/ha. The research block had 99.5% Hidalgo sandy clay loam soils with 0-1% slopes.
Experimental Design
Initial disease assessments were conducted to confirm CLas infection as well as Phytopthora foot rot and HLB disease severity in affected trees. To maintain the same level of Phytophthora foot rot symptoms in each category, the disease was rated on a scale from 0 to 4, where 0 = no disease, 1 = up to 25% of the branch with gummosis, 2 = 25-50% of tree branches affected, 3 = 50-75% affected, 4 = Decline of 75-100%, including dead trees [21] . Only trees rated as a "2" on the severity rankings were selected for further analysis. Because foot rot symptoms fluctuate throughout the season, they were assumed to be positive even if gummosis symptoms (may be washed off during heavy rains) were not present in different times of the study after the first disease rating.
We selected 40 trees after conducting an HLB survey based on visual typical leaf symptoms [4] on the entire block. Testing of trees for HLB/CLas presence [22, 23] using quantitative polymerase chain reaction (qPCR) assays was performed by the Diagnostic Lab at Texas A&M University-Kingsville Citrus Center in Weslaco, TX. Total DNA was extracted from chopped midribs and petioles using the Qiagen DNeasy plant mini kit (Qiagen Inc., Germantown, MD, USA). Two hundred milligrams of chopped tissue was homogenized in a 2 mL lysing matrix A tube (MP Biomedicals, Santa Ana, CA, USA) with extraction buffer, and was pulverized for 3 min at a shaking speed of 2100 oscillations per min using a Mini-Beadbeater-96 (Biospec Products Inc., Bartlesville, OK, USA). Total DNA was eluted in 100 µL of nuclease-free water. For detecting CLas in the leaves, qPCR was performed on 2 µL of total DNA extract in a 25 µL reaction mixture using HLBaspr primer and probe set, which targets the 16s rDNA of CLas. The qPCR assays were performed in a CFX96 Touch real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA) and the reaction mixture consisted of 2 µL of total DNA, 2.5 µL 10X PCR buffer (Invitrogen, Carlsbad, CA, USA), 2.5 mM MgCl 2 , 0.2 mM each dNTPs, 0.2 µM each primer, 0.1 µM probe, and 1 Unit platinum Taq DNA polymerase (Invitrogen). A citrus mitochondrial cytochrome oxidase (COX)-based primer probe set COXfpr [18] was used as a positive internal control. Reactions containing known positive control DNA, healthy plant DNA, and non-template water control were also performed. The threshold cycle (Ct) values obtained from the assays were used to determine the presence of the target sequences in the DNA extracts. Trees with Ct value of less than 33 were considered HLB-positive. Once trees were confirmed for HLB and evaluated for disease symptom severity, they could be classified and selected for the study.
Four disease categories were utilized to select the 40 trees for measurements and analysis: HLB negative/foot rot negative (HLB-/P-), HLB positive/foot rot negative (HLB+/P-), HLB negative/foot rot positive (HLB-/P+), and HLB positive/foot rot positive (HLB+/P+). Ten trees in each disease category were selected ( Figure 1 ). positive (HLB-/P+), and HLB positive/foot rot positive (HLB+/P+). Ten trees in each disease category were selected ( Figure 1 ). 
Field Measurements
Nutrient Analysis and Leaf Area
Leaf nutrient analysis was conducted in April of 2018. A total of 20 leaves were taken from each tree selected for the study. Collected leaves were fully expanded, recently matured leaves from random locations within the tree canopy. Leaves were washed in 0.01 N HCl, rinsed in DI water, then patted dry. Individual leaf area was determined using the LI-3100 Area Meter (LiCor, Lincoln, Nebraska). After leaf area measurement, leaves were fully dried before sending to the Texas A&M University Soil, Forage, and Water Testing Lab in College Station, TX for tissue nutrient analysis. Leaf tissues were analyzed for N, P, K, Ca, Mg, Na, Zn, Fe, Cu, Mn, S, and B. These nutrients are vital for plant growth and development. Fruit yield, quality, and plant health are highly dependent upon adequate levels of these nutrients. Any deficiencies will result in visible deficiency symptoms, fruit malformations, or quality declines, and could also result in a reductions in yield.
SPAD
Soil plant analysis development (SPAD) is a measure of leaf greenness correlated with chlorophyll levels in plant leaves and is used as a diagnostic tool to measure plant nutrient status [24] . To determine SPAD, leaves are placed within the sensor and the meter automatically reads the value once the measurement button is pressed. The SPAD value given represents the difference between the transmittance of red and infrared light as it penetrates the leaf. SPAD measurements were taken in April of 2018 using the SPAD 502 Plus Chlorophyll Meter (Spectrum Technologies Inc., Plainfield, IL, USA). Random, mature, fully expanded leaves from the most recent season's growth were selected for testing. Four leaves per tree were selected and 10 trees per disease category were tested. 
Image Acquisition and Analysis
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Nutrient Analysis and Leaf Area
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Soil plant analysis development (SPAD) is a measure of leaf greenness correlated with chlorophyll levels in plant leaves and is used as a diagnostic tool to measure plant nutrient status [24] . To determine SPAD, leaves are placed within the sensor and the meter automatically reads the value once the measurement button is pressed. The SPAD value given represents the difference between the transmittance of red and infrared light as it penetrates the leaf. SPAD measurements were taken in April of 2018 using the SPAD 502 Plus Chlorophyll Meter (Spectrum Technologies Inc., Plainfield, IL, USA). Random, mature, fully expanded leaves from the most recent season's growth were selected for testing. Four leaves per tree were selected and 10 trees per disease category were tested.
Image Acquisition and Analysis
Acquisition
UAV data were acquired using a DJI Phantom 4 Pro platform (DJI; Shenzhen, China) on 23 April 2018. The RGB (red, green, and blue bands) camera mounted on the Phantom 4 Pro model WM331A takes 20 Megapixel images with a 25.4 mm1 in CMOS sensor. This DJI Phantom 4 Pro has an integrated GPS/GLONASS system, allowing for faster, more precise satellite acquisition during flights. The flight was conducted at 11 AM with winds < 8 km/h to minimize image distortion. This flight was selected to provide images and data to characterize diseases and nutrient deficiencies of a citrus orchard. A total Remote Sens. 2020, 12, 170 5 of 13 of 318 images were collected for the study area. Pix4D Capture (Pix4D Inc., San Francisco, CA, USA) software was used to collect image data using the simple grid option and nadir (90 vertical) view [25] . Images were acquired with 80% overlap at 30 m altitude above ground level.
Image Processing and Analysis
The raw images were processed to generate ortho-mosaic image and digital surface model (DSM) using Pix4D Mapper (Pix4D SA, Switzerland). This program uses the structure from motion (SfM) algorithm. The pixel resolution of the final orthomosaic image and DSM was 8.2 cm. The orthomosaic was imported in Pix4D Fields (Pix4D Inc., San Francisco, CA, USA) where the TGI was generated [17] . The triangular greenness index (TGI) is the area of a triangle bounding a leaf reflectance spectrum (gray line) with vertices in the red (670 nm, R670), green (550 nm, R550), and blue (480 nm, R480) [17] . These three wavelengths were selected to approximate the definite integral of the chlorophyll spectrum from 480 to 670 nm wavelengths [26] . The TGI raster was imported into ArcMap where each individual tree was delineated into a polygon. The polygon corresponding to each tree was used to extract TGI values from the TGI raster and we calculated the mean TGI value per tree. Since our objective was to determine if mean TGI values and disease category were related, we limited the scope of our study to the 40 plants we measured and we did not extrapolate the data to the whole study area, hence no accuracy assessment was required for this analysis [27, 28] .
Data Analyses
Statistical analyses using JMP 13.0.0 (SAS Inc., Cary, NC, USA) were used to determine relationship between UAV image data and field data. Data was processed using a multivariate correlation function within JMP. This analysis defined a pairwise and higher relationship between nutrient concentrations, physiological parameters, and TGI. A full factorial analysis was used to determine statistical differences between disease classifications, nutritional status, and TGI for each measured factor and mean separation was determined by Students T (p ≤ 0.05). Stepwise regression analysis was performed using the proc reg function of SAS by selecting variables that significantly contributed to TGI values (SAS version 9.4, SAS Inc., Cary, NC, USA) [29] . Variables that significantly contributed to TGI values were indicated by significance at p = 0.05 from the stepwise selection model.
Results
Nutritional Analysis
Leaf nutritional analysis did not show a statistical difference between disease classifications for any mineral nutrients with the exception of Na (Table 1) according to the p-values. Na was significantly higher (Table 1 ; p = 0.334) in trees infected with both HLB and Phytophthora foot rot infections. However, the levels of Na in each of the disease categories were not considered to be at toxic levels. None of the mineral nutrients were considered to be deficient except N, which was below the deficiency threshold for trees with and without disease.
Field Measurements and Triangular Greenness Index (TGI)
Leaf area was significantly different between disease classifications (Figure 2A , p = 0.0003). The largest leaves (mean = 35.3 cm 2 ; SE = 1.22 cm 2 ) were found in the HLB-/P-category and the smallest leaves (mean = 30.16 cm 2 ; SE = 1.53 cm 2 ) were found in the HLB+/P+ class. Leaves with Phytophthora foot rot or HLB were of intermediate area.
Leaf SPAD was not significantly different between HLB-P-, HLB+P -, or HLB + P+, disease categories ( Figure 2B ; p classification = 0.037). However, HLB-/P+ leaves had significantly lower SPAD (mean HLB-/p+ = 49.9 cm 2 ; SE = 2.5 cm 2 ) values compared to all other disease classes (mean HLB-/p-= 55.07 cm 2 ; SE = 1.37 cm 2 ; mean HLB+/ p-= 53.9 cm 2 ; SE = 2.6 cm 2 ; mean HLB+/p+ = 54.7 cm 2 ; SE = 1.77 cm 2 ). Average TGI was significantly different between classifications ( Figure 2C ; p classifications ≤ 0.0001). Disease-free trees had a greater average TGI than trees with disease. While TGI in HLB+/P+ trees was not significantly lower than the other disease classes, it showed lower numerical values than trees with HLB or Phytophthora foot rot diseases alone.
Relationship Analysis
Correlation of Measured Factors
CLas titer was positively related to leaf area and TGI, and negatively related to Na, Fe, Cu, and Mn ( Table 2 ). The presence of foot rot disease was negatively related to Mg and TGI. Leaf area was positively related to TGI, K, and Mg and negatively related to SPAD, Na, Fe, and B. SPAD was positively related to Ca, Na, and B.; and negatively related to P, K, and Zn. Nutrient relationships varied by each mineral element as shown in Table 2 . TGI was positively related to K, but negatively related to Na and Fe. 
Field Measurements and Triangular Greenness Index (TGI)
Leaf SPAD was not significantly different between HLB-P-, HLB+P -, or HLB + P+, disease categories ( Figure 2B ; p classification = 0.037). However, HLB-/P+ leaves had significantly lower SPAD (mean HLB-/p+ = 49.9 cm 2 ; SE = 2.5 cm 2 ) values compared to all other disease classes (mean HLB-/p-= 55.07 cm 2 ; SE = 1.37 cm 2 ; mean HLB+/ p-= 53.9 cm 2 ; SE = 2.6 cm 2 ; mean HLB+/p+ = 54.7 cm 2 ; SE = 1.77 cm 2 ).
Average TGI was significantly different between classifications ( Figure 2C ; p classifications ≤ 0.0001). Disease-free trees had a greater average TGI than trees with disease. While TGI in HLB+/P+ trees was not significantly lower than the other disease classes, it showed lower numerical values than trees with HLB or Phytophthora foot rot diseases alone. 
Stepwise Regression Analysis
The first variable related to TGI was Na, followed by Fe, disease rating, Ca, and K. These five factors combined resulted in an R 2 value of 0.61 for the entire model (Table 3) . Surprisingly, CLas titer did not play a large role in influencing TGI values. 
Discussion
The use of UAV imagery is a valuable tool/methodology for identifying diseases affecting citrus plants in South Texas, as well as other citrus producing regions. Our study shows conflicting results from current studies using UAV collected images, with no correlations between plant nitrogen status and TGI [10, 14, 17, [30] [31] [32] [33] . This further supports evidence that UAV-collected RGB image data is highly variable, and also could be confounded by disease status because of the lack of correlation between TGI and nitrogen status. These findings lead to additional questions, such as, 'What are the causes of differences in TGI?' and 'Can these visual differences in TGI be correlated with physiological measurements?'. Herein, we explore the answers to these questions in order to further the understanding of data collected via UAVs and how they correlate to plant disease status and overall health.
TGI is a useful index for determining disease in citrus trees and some of the factors causing the differences between diseases. UAV images to determine plant health factors and the calculation of TGI from those images have been increasingly evaluated in recent years. In this study, TGI was greatest in trees without disease and lowest in trees with both diseases indicating that multiple diseases lower the triangular greenness index. Many factors have the potential to influence measured and TGI values. Many studies using TGI as an indicator of plant status focus on its correlation with chlorophyll or N content [10, 14, 17, 26, 30, 31, 33] . However, the relationship between pigments and TGI did not fully explain their results indicating that more factors influence TGI [31] . Further analysis via stepwise regression showed a more complex relationship that described a significant portion of what was observed in the TGI calculated from UAV images. Stepwise regression showed that TGI is mainly described by Na followed by Fe, foot rot disease rating, Ca and K. These five factors explained 61% of TGI data. Na represented approximately half of this model indicating that in diseased citrus, TGI is was highly impacted by Na. Na is toxic to citrus, affecting tree water status, leaf size, mortality, dieback, etc. [34, 35] . The symptoms of Na toxicity are very similar to those of HLB and Phytophthora foot rot, however, the Na levels shown in the study did not exceed known toxicity thresholds [36] . This could indicate several things, including: a) that Na toxicity threshold is lower in diseased citrus, and/or b) diseased citrus take up more Na and this affects spectral reflectance as related to TGI. Other ions related to plant water status are K and Ca which were included in the regression model. K, Ca, and Na play a large role in water uptake in citrus, and when there is a higher concentration of Na it affects osmotic stress within the plant [35] . K was positively correlated with TGI and Na and Fe were inversely related to TGI, indicating that whenever there is more uptake of K instead of Na that TGI values increase. Thus, this shows that there is a relationship between plant nutrient status, disease status and TGI. Not only does plant disease affect a plants ability to take up certain ions but the relationship between disease and nutritional status affects its spectral reflectance as shown by TGI. While there are other factors that are missing from this model to explain TGI differences between plant diseases these five factors represent the majority of what was seen in this study. These results are significant because previous studies have found that TGI was highly correlated with N, however our study indicates that Na, K, Ca, and Fe as well as disease status affect TGI while N does not. While we did not find a correlation between N and TGI, TGI may not be a good indicator of N in diseased citrus plants.
Field collected measurements have been used for many years to describe and explain plant physiological responses to disease, environment, and fertilization. UAV derived images to detect disease conditions is a promising tool to identify various diseases in several crops [20, 37] .
While there have been successes in the identification of diseases like HLB and other pathogens, the techniques and equipment varied in accuracy, expense, and complexity [11, 13, 38] . Furthermore, few have identified the causal factors associated with spectral differences in diseased vs. healthy plants [39] . Certain spectral signatures have been found to relate to plant stress, primarily in the visible and near infrared regions of the electromagnetic spectrum [18] . Because plant disease symptoms often mimic nutrition, water status, and other visual characteristics, these factors may reflect what is seen in UAV image analysis.
Nutrient analysis in this study did not show any differences between disease classification categories with the exception of Na. Here, Na was found in greater concentrations in trees with both HLB and Phytophthora foot rot. Na can be a toxic ion in excess of approximately 2500 ppm in citrus [36] , however, levels did not reach this threshold in this experiment.
Leaf area is an important indicator of tree health and nutritional status [40] . Leaf area changes in response to stressful situations, meaning that as a tree is stressed the leaf area may decrease [40] . Field measurements of leaf area showed a gradual decreased in leaf size from healthy trees to trees with HLB and Phytophthora foot rot. The smallest leaves were found in those trees that were affected with both diseases. This indicates that disease status can additively affect leaf expansion and the resulting leaf size.
SPAD has been previously correlated with N and chlorophyll in leaves [24] . This nondestructive measurement is related to plant nutritional status and can indicate deficiencies [24] . In this study, there was no difference is SPAD except when tree had Phytophthora foot rot. This means SPAD was only significantly affected by Phytophthora spp. infection. While Stover et al., (2016) [41] found that there seemed to be a relationship between CLas titer and SPAD, the results were not consistent between citrus genotypes. This current experiment did not show a relationship between SPAD and HLB, supporting the findings that SPAD is not a reliable indicator of leaf chlorophyll changes due to HLB. Furthermore, SPAD measurements were conducted on random leaves which were not necessarily symptomatic for HLB; selecting for symptomatic leaves may alter these findings and a better relationship could be established.
To determine which factors were correlated with disease as affected by plant physiological parameters and nutritional status, a correlation analysis was conducted. This analysis showed that as qPCR threshold cycle (Ct) values decreased, indicating more CLas present, leaf area and TGI values declined, suggesting that CLas is suppressing leaf growth and is also impacting TGI in UAV images. The inverse relationship between Phytophthora foot rot, Mg, and TGI indicates that Phytophthora spp. infection decreased tree greenness and could have affected Mg absorption. As leaf area increased, TGI, K, and Mg increased, while SPAD, Na, Fe, and B decreased. This implies that Na, Fe, and B negatively affected leaf size while K and Mg increased leaf size. This was similar to what was found by Battie-Laclau et al. [42] who showed that K helped increased leaf area while excess Na had a negative impact. TGI was not correlated to SPAD or N indicating this relationship needs to be explored further. The relationship between SPAD and N and chlorophyll content has been previously established [10] . However, it was not correlated in this experiment, but was positively related to Ca, Na, and B. This brings into question whether SPAD is a good indicator of N status when the tree is infected with one or more diseases. TGI shows a positive relationship with K, which plays a role in maintaining water status. TGI was negatively related to Na and Fe, which might indicate some toxic effects of these elements.
Conclusions
HLB and Phytophthora foot rot are important diseases in citrus, and monitoring disease symptoms can help producers better manage their crops. Using UAVs to calculate TGI can simplify this process by distinguishing between the diseases over a large area in a short amount of time. This study found that TGI was different depending on disease or in combination of diseases and also explained which factors were involved in these differences. Relationships between the mineral nutrients, specifically K, Na, Ca, Fe, and Phytophthora foot rot infection affected TGI. This shows that the impact that diseases have on tree health can be observed using UAVs. However, this is likely affected by crop, timing, management, and other environmental factors hindering the assessment. Identifying the exact factors that influence TGI in diseased trees may take an extended period of time to evaluate as well. While more factors will have to be collected to explain the entire relationship between TGI, plant disease, and nutrition, this study provides a good basis for future research. 
